Gas-Liquid flows in stirred tank reactors (STR) are used in many significant industrial operations such as hydrogenation, absorption, stripping, oxidation, hydrogenation, ozonation, chlorination, fermentation, etc. Gas-Liquid STRs are expected to perform several functions such as mixing, dispersing gas into liquid, mass and heat transfer and reactions.
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Electrical Resistance Tomography for Gas Holdup in a Gas-Liquid Stirred Tank Reactor Table 1a and Table 1b ).
Concerning the measurement of gas-liquid flows in stirred tank reactor; various techniques have been used in the past (see Table 2 ) such as visual analysis, photography, light attenuation, optical probe methods etc. However to understand the dynamics of the process it is very imperative to have the capacity to visualize inside the process. In process industries, most of the systems are opaque systems which eliminate the usefulness of many techniques in the real investigations. According to the industrial application, it is very important to have a measuring technique that can give the information of the process without disturbing the flow. Electrical resistance tomography (ERT) is one such technique gaining the popularity in this domain due to its unmatched potential of providing both qualitative and quantitative information on the internal investigated space and behavior of process flows without causing any disturbance.
Recently our group has demonstrated the applicability of ERT technique for liquid phase mixing in solid-liquid stirred tank reactor (Sardeshpande et al., 2016) . The present work is focused on extending ERT technique for identification of gas-liquid flow regimes and gas hold up distribution inside the tank. Qualitative and quantitative data was compared with conventional techniques and correlations (reported in Table 3 ). Effect of impeller speed and superficial gas velocity on gas holdup was studied and flow regime identification was done using the raw conductivity data extracted from the ERT system.
Applying the finding of this study will lead to improved guidelines for efficient use of stirred reactors. ERT technique provides the required information to experimentalist to evaluate this technology effectively in opaque system. Literature review, overall methodology of work, results and discussions are presented in following section.
Brief Review of Literature
Among various conventional techniques visual method is a quick and basic technique to measure the gas holdup and identify the flow regimes. This is therefore one of the most commonly used techniques for characterizing gas-liquid flows in stirred tanks. However, it has obvious limitation of a transparent system. For higher values of gas hold-up, the system no longer remains transparent even of the vessel is transparent. Converting the images into quantitative data also has its own challenges.
Gamma ray and X ray absorption radiography is a measurement of the attenuation of radiations due to the two phase mixture present in the reactor that gives the local mass density along the radiation path. This technique works on the principle of different absorption coefficients of different phases towards different radiations. Radiography techniques are limited by safety and high price issues.
X-ray tomography is an imaging technique based upon the attenuation measurement of photon rays. The images obtained from this technique give the information about the density of each pixel and the phase fraction. 2D Fast Fourier transformation is used as the reconstruction algorithm to reconstruct the images. This technique is a non-invasive and industrially used technique but requires high power and is expensive.
Many needle probe methods are also available to study the aspects of a gas-liquid systems such as optical probes, conductivity probes etc. In probe method, a sharp thin probe is set in a reactor to face flow direction in order to get in touch with as many bubbles as possible.
In optical needle probe, an analog signal is produced using an opto-electronic device. The needle is dipped in the mixture and an infrared light is charged to the tip. This tip in return transmits light beam when in contact with liquid medium or else reflects it back to the device when is in contact with gas. In conductivity probes, a probe is dipped into the system to measure the conductivity of the fluid phases. This technique measures the variation of conductivity of the system due to the presence of another phase that is used to find the gas phase fraction using different proposed correlations. Probe methods are generally used to study high gas holdup systems and are very useful in providing complete hydrodynamic characteristics of the system and also pose several limitations. Some of them are requirement of very thin needle, invasiveness, errors in measurement due to turbulences, probe orientation etc. Time series data from the conductance probe is given for different regimes. Can be used as reference. Gamma and X ray radiations are used to produce the tomographs and phase dispersion.
Phase holdup distribution
Expensive and high power required Ultrasonic Tomography (Cents et al., 2005) Tomographs are produced using Ultrasonic waves. Ultrasonic wave propagation depends on both the phase fraction and on the phase configuration (flow regime, size of dispersed particles).
Low solid and gas holdup (<20%) Gas Holdup in a Gas-liquid STR In a gas-liquid flow, majorly three regimes have been reported in literature i.e. flooding, loading and fully re-circulated regimes ( Figure 1a and Figure 1b ). These regimes are described by two dimensionless numbers i.e. Flow Number (Fl) and Froude Number (Fr).
The Fl number is the ratio between the gas flow rate and the impeller driven flow rate and the Fr number is the ratio between the impeller driven acceleration and gravity was used as a working fluid whereas Nitrogen (i.e. dispersed phase) was fed into the tank through the ring sparger installed just underneath the impeller. Operating parameters such as impeller speed was 100 rpm to 400 rpm and the gas flow rate was 100 l/h to 400 l/h.
Sample photographs of gas dispersion formation with respect to impeller speed are as shown in Figure 2b .
Major parameters contemplated in this experiment are superficial gas velocities, impeller speed, gas Holdup distribution and flow regimes. As mentioned earlier, with current operating parameters and according to Flow and Froude number; flow regime map for the experimental range considered in the present study is as shown in Figure 2c .
The ITS Z8000 ERT system is furnished with a real-time data acquisition system that has the capability to capture images at 45 frames/s. The gas dispersion images were reconstructed from the ERT measurements using Image reconstruction software i.e. ITS tool suite software installed on the host PC. The software used a simple non-iterative linear back projection algorithm (LBPA) for reconstruction of the images. The data on conductivity distribution is acquired using data acquisition system (DAS). DASs major functions are power supply, multiplexer control, signal measurement, demodulation, filter and control, and waveform generation and synchronization. Several data collection strategies (the way data is gathered through electrodes, number of measurements etc) can be used such as linear, diagonal, conducting boundary and adjacent. In the present work, we have used adjacent strategy.
In adjacent strategy, current is injected using a pair of neighboring electrodes and voltage differences are measured using all other pairs of neighboring electrodes. This strategy requires minimal hardware for image reconstruction. Overall schematic on ERT is as shown in Figure 3 .
Electrodes
Current is injected using a neighboring pair of electrodes and voltage differences are measured
Out of which only 120 measurements are independent i.e. n(n-1)/2 Normal adjacent measurement strategy leads to n 2 measurements i.e. 256
Current is then applied through the next pair of electrodes and the voltage measurements are repeated. The procedure is repeated until all the independent measurements have been made.
To avoid electrode contact impedance problems, the voltage is not measured at current-injecting electrode and therefore, total number of independent measurements is reduced to n(n-3)/2
Electrodes give 104 independent measurements
These measurements /data points used for image reconstruction algorithms to reconstruct c/s distribution of electrical conductivity Every c/s view contains 316 pixels to form tomogram 
Methodology 4.1 Electrical Resistance Tomography for gas hold up
Measurements were taken by ERT system for different gas flow rates and impeller speeds.
Mean conductivity and mean concentration data was directly exported using ITS Tool suite software in .csv format for gas holdup measurements. The raw pixel conductivity data was used to study the radial profile of the process and flow regime identification.
The variation in conductivity of the dispersed phase was acquired from the ERT data using ITS Tool suite. A concentration value of the dispersed phase is calculated by Tool suite software by Maxwell's Equation:
εM=
If the second phase is non-conductive material i.e. nitrogen in this case, the above equation Figure 5a clearly indicated that at low gas flow rate mean concentration of gas was low and it increased with increased gas flow rate. Thus, HIT statistic have shown an increase in the HIT index with increasing flow rate indicating that heterogeneity of the system increased with increasing the flow rate (see Figure 5b) .
The conductivity and Heterogeneity Index Statistic (HIT) data was directly exported and saved in .csv format. The quantitative conductivity data of each pixel of each tomogram was also used to understand gas distribution inside the vessel. Gas hold up was also measured with conventional technique i.e. flow visualization using the naked eye. The gas was passed through a fixed amount of water, initially at the minimum flow rate. The average height of water was marked on the column using a marker, after which the flow rate was changed. Once the heights for all four flow rates had been marked, the gas valve was momentarily closed and the level of water marked. In this way, the lowest height was the height of the fixed initial volume of water filled in the column, which was denoted as hi. This value was subtracted from the height obtained for each flow rate, and the obtained difference was denoted by ∆hj. Since the height of water increased due to the additional volume occupied by gas, the gas hold up was calculated as follows:
where j takes values from 1 to 5, representing various flow rates
Reproducibility of results was checked by repeating the experiments thrice.
Results and Discussions
The results obtained with the ERT, their comparison with visual measurements and previously published results are discussed here.
Tomograms extracted from the real time measurements gave the visual information of the process. The low conductivity regions produced due to gas (non-conductive phase) dispersion (i.e. depicted by blue color) and the high conductivity regions produced due to water (conductive phase) present in the vessel (i.e. majorly visible in light green color). The conductivity of plain tap water was measured using ERT that was well within the range of conductivity reported for plain tap water (see Table 4 ). 
Effect of gas flow rate
Experiments were carried out to develop an understanding regarding variation of gas holdup using ERT technique. Tomograms, the reconstructed images from the ERT and surface plots were generated for each flow rate conditions. Tomograms acquired from ERT were compared with photography at different flow rates as shown in Figure 6 . The colors represent the conductivity values of pixel, across the entire cross section of the vessel. The boundaries were light green throughout the vessel indicated conductivity of water whereas presence of gas lowers this conductivity inside the vessel at few locations. From the Figure   6 , it was clear that as the flow rate increased, gas passes through the water showed its presence with discrete bubbles coalescing into a larger entity. Figure 6 showed increase in the gas flow rate resulted in a gradual increase of low conductivity region across the cross section indicating the presence of the low conductive Nitrogen inside the vessel. Hence, gas flow increased from 100 lph (Fl=0.016) to 400lph (Fl=0.065) the gas holdup values increased at constant impeller speed.
Stacked images were extracted from ITS tool suite; basically it simplified the visualization of the conductivity distribution for various flow rates. The basic objective for obtaining stacked images was to see dispersion of gas in water within the vessel with greater intricacy. Images i.e. fixed number of 10 consecutive frames could be stacked together to form a spatiotemporal series. Composite images from the same measurement plane (but taken from different frames) can be stacked. These were viewed through a section in the x and y plane. Surface plots were plotted for both the planes such as Figure 7a and 7b respectively. These were the quantitative representation of the gas holdup across the cross-section of the vessel at any particular time. The surface plot generated for a single frame with the conductivity data using Matlab code for different operating conditions. Firstly, the gas hold-up data for 316 pixels across the cross section of the vessel that was then plotted on a x-y plane of 20 x 20 matrix and the z axis being the gas holdup values of each pixel. A significant disturbance and a peak of rising gas holdup value near the impeller were visible. As predicted, this clearly showed the transition of flow from flooding/ loading to completely dispersed condition of the impeller. Estimated gas hold up using ERT data plotted with respect to superficial gas velocity is as shown in Figure 8 . that showed well dispersed gas holdups across the cross section of the vessel confirming the inferences drawn.
It was observed that gas holdup was not monotonically increased with increased impeller speed whereas both the planes showed a rise-dip-and-rise pattern (See Figure 11 ). This rise-dip-rise flow pattern observed because the ERT plane-1 i.e. positioned below the impeller (facing both upward and downward) could detect few bubbles until the operating conditions nearly reached the fully re-circulated regime; and at the plane-2 i.e. above impeller discharge plane detected more gas hold up but still showed rise-dip-rise flow pattern. This was consistent and showed the location sensitivity of the ERT planes.
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Conclusions
The variation of gas holdup with respect to gas flow rate and impeller speed was studied in a gas-liquid STR using ERT technique. Identification of flow regimes was done using ERT raw data and was verified with visual analysis. The key conclusions of this study are:
ERT technique provides useful data on gas hold-up distribution within the vessel and captures influence of impeller speed and gas velocity on gas distribution correctly.
(ii) ERT data processed for plane-1 and plane-2 and averaged gas hold up used to identify change in flow regime from circulation to flooding. (vi) Heterogeneity index is a good measure of mean concentration of gas distribution at each plane that provides uniformly distributed pixel ranks (i. e. for uniformly distributed bubbles) whereas clustering of pixel ranks observed for heterogeneous flow.
(vii) Gas Holdup obtained from ERT at Plane -1 and Plane -2 under predicted 10 to 30% as compared to Rewatkar et al 35 whereas with visual observation ±30% for
Plane -1 and Plane -2 respectively.
(viii) In present attempt of ERT experimentation; it was observed that each plane showed its own sensing range of gas distribution and spatial visualisation inside the tank. Whereas more number of planes could prove giving more accurate data and pronounced information about the gas behaviour inside the vessel.
Thus, the electrical resistance tomography (ERT) was successfully used to measure gas distribution in a gas-liquid stirred reactor in response to design and operating conditions.
ERT technique provides the required information to experimentalist to evaluate this technology at higher gas loading and an opaque system. The methodology and results presented in this work will be useful to effectively apply ERT for characterizing gas-liquid flows in stirred tanks. 
